A scheme for distributed quantum measurement that allows nondestructive or indirect Bell measurement was proposed by Gupta et al., (Int. J. Quant. Infor. 5 (2007) 627) and subsequently realized experimentally using an NMR-based three-qubit quantum computer by Samal et al., (J. Phys. B, 43 (2010) 095508). In the present work, a similar experiment is performed using the five-qubit super-conductivity-based quantum computer, which has been recently placed in cloud by IBM Corporation. The experiment confirmed that the Bell state can be constructed and measured in a nondestructive manner with a reasonably high fidelity. A comparison of the outcomes of this study and the results obtained earlier in the NMR-based experiment has also been performed. The study indicates that to make a scalable SQUID-based computer, errors by the gates (in the present technology) have to be reduced considerably.
I. INTRODUCTION
Discrimination of orthogonal entangled states play a very crucial role in quantum information processing. There exist various alternative proposals for the same (see [1] [2] [3] [4] [5] and references therein). A particularly important variant of state discrimination schemes is, nondestructive discrimination of entangled states [1] [2] [3] [4] [5] , in which the state is not directly measured. The measurement is performed over some ancilla qubits/qudits and the original state remains unchanged. Proposals for such non-destructive measurements in optical quantum information processing using Kerr type nonlinearity have been discussed in Refs. [3, 4, 6] and references therein. Such optical schemes of nondestructive discrimination are important as they are frequently used in designing entanglement concentration protocols [7] . In the similar line, some of the present authors proposed an interesting scheme for generalized orthonormal qudit Bell state discrimination [2] and provided an explicit quantum circuit for the task. In Ref. [2] , it was also established that the use of distributed measurement (i.e., non-destructive measurement where the measurement task is distributed or outsourced to ancilla qubits) have useful applications in reducing quantum communication complexity under certain conditions. The work was further generalized in [1] , where the relevance of the quantum circuits for nondestructive discrimination was established in the context of quantum error correction, measurement-based quantum computation, Bell state discrimination across a quantum network involving multiple parties, and optimization of the quantum communication complexity for * Electronic address: anirban.pathak@gmail.com performing measurements in distributed quantum computing. Subsequently, applications of the non-destructive discrimination of entangled states have been proposed in various other works, too. Specifically, in [8] , a scheme for two-way secure direct quantum communication, which was referred to as quantum conversation, was developed using the nondestructive discrimination scheme. In a more general scenario, Luo et al., proposed a scheme for multi-party quantum private comparison based on ddimensional entangled states [9] , where all the participants are required to perform non-destructive measurement. These applications and the fact that the scheme proposed in [2] has been experimentally implemented for Bell state discrimination using an NMR-based 3-qubit quantum computer have motivated us to perform nondestructive Bell state discrimination using another experimental platform. Specifically, in this work we aim to realize nondestructive Bell state discrimination using a 5-qubit superconductivity-(SQUID)-based quantum computer [10, 11] , which has been recently placed in cloud by IBM Corporation. [34] . This quantum computer was placed in the cloud in 2016. It immediately drew considerable attention of the quantum information processing community, and several quantum information tasks have already been performed using this quantum computer on cloud. Specifically, in the domain of quantum communication, experimental realization of teleoprtation of singlequbit quantum state [12] and two-qubit quantum state using optimal resources [13] have been reported; in the field of quantum foundation, violation of multi-partite Mermin inequality has been realized for 3, 4,and 5 parties [14] ; an information theoretic version of uncertainty and measurement reversibility has also been implemented [15] ; in the area of quantum computation, a comparison of two architectures using demonstration of an algorithm has also been performed [16] . Thus, we can see that IBM quantum computer has already been successfully used to realize various tasks belonging to different domains of quantum information processing. However, to the best of our knowledge, IBM quantum computer is not yet used to perform nondestructive discrimination of the arXiv:1705.00670v2 [quant-ph] 10 May 2017 orthogonal entangled states, and the performance of IBM quantum computer is not yet properly compared with the performance of the quantum computers implemented using liquid NMR technology. In the present work, we aim to perform such a comparison, subject to a specific task. To be precise, we wish to compare the performances of IBM quantum computer and an NMR-based quantum computer with respect to the nondestructive discrimination of Bell states. There is another important reason for testing fundamentally important quantum circuits (in our case, quantum circuit for nondestructive discrimination of Bell states) using the IBM quantum computer and/or a similar platform-it is now understood that liquid NMR-based technology is not scalable, and it will not lead to a real scalable quantum computer. However, it is widely believed that a SQUID-based quantum computer can be made scalable in future. In fact, an ideal quantum information processor should satisfy Di-Vincenzo's criteria [17] . One of these criteria requires the realization of a large quantum register, which is still a prime technological challenge for experimental quantum information processing [18] . Although NMR-based realizations cannot be scaled, a ray of hope is generated in the recent past after the introduction of the relatively new architectures, like solid-state spin systems (nitrogen vacancy centers in diamond and phosphorous vacancy centers in silicon) and superconducting-qubits based systems [19] that have the potential to become scalable. Among these technologies, owing to the scalability and functionality of superconducting-qubit registers, they have emerged as the best candidate for quantum information processing. Currently, various types of basic superconductingqubits, namely Josephson-junction qubits, Phase qubits, Transmon qubits and Potential qubits are used [20, 21] . SQUID-based quantum information processing architectures have not only attained the popularity among the researchers, but have also led to the path for commercialization of quantum computers. Although a universal quantum computer with large qubit register is still a distant hope, large qubit registers to perform specific tasks have been devised. For example, a quantum computer with register size of 512 qubits was sold by D-Wave to Google and NASA [22] . The machine has been deployed to tackle classification problems that are useful in imagerecognition and has outperformed its classical counterpart [23] . As mentioned above, the potential scalability of the SQUID-based systems has also motivated us to perform experimental realization of the Bell state discrimination circuit using a SQUID-based 5 qubit quantum computer.
Rest of the paper is organized as follows. In Sec. II, we have described the quantum circuits (both theoretical and experimental) used here to perform Bell state discrimination and the method adopted here to perform quantum state tomography. In Sec. III, the results of the experimental realization of the circuits described in the previous section are reported and analyzed. Finally, the paper is concluded in Sec. IV
II. QUANTUM CIRCUITS AND METHOD USED FOR NONDESTRUCTIVE DISCRIMINATION OF BELL STATES
We have already mentioned that in Refs. [1, 2] , quantum circuit for the nondestructive discrimination of generalized orthonormal qudit Bell states was designed by some of the present authors (cf. Fig. 3 of [2] or Fig.  4 of [1] ). As a special case of these circuits, one can easily obtain a circuit for Bell state discrimination, as shown in Fig. 1 a here and in Fig. 2 of [2] . This circuit involves 4-qubits, in which the measurement on the first ancilla qubit would reveal the phase information, whereas the second measurement would reveal the parity information. Thus, to discriminate all four Bell states in a single experiment, we would require a four qubit system, allowing non-local operations between system qubits (qubits of the Bell state) and the ancilla qubits. Apparently, this circuit should have been implemented as it is in the 5-qubit IBM quantum computer, but the restriction on the application of CNOT gates, restrict us to implement this circuit as a single circuit (without causing considerable increase in gate-count and decrease in performance). Circumventing, the increase in circuit complexity (gatecount), initially, we have implemented the phase checking circuit and the parity checking circuit separately, as shown in Fig. 1 b and c, respectively. This is consistent with the earlier NMR-based implementation of the Bell state discrimination circuit [24] , where a 3-qubit quantum computer was used and naturally, parity checking part and the phase checking part was performed via 2 independent experiments. In fact, in the NMR-based implementation of the non-destructive discrimination of Bell states, a 13 CHF Br 2 molecule was used to perform the quantum computing, as the number of independent Larmor frequency of that was 3, the quantum computer was a 3-qubit one. Specifically, Samal et al., used three nuclear spins, namely 1 H, 13 C and 19 F of 13 CHF Br 2 which mimics a three-qubit system [24] . In their experiment, they used 13 C as ancilla qubit and rest as system qubits. The availability of single ancilla qubit prohibited non-destructive discrimination of the Bell states in one shot. Due to the trade-off between the available quantum resources and number of experiments, they used two experiments to realize the complete protocol, one for obtaining parity information and the other one for phase information. Circuit shown in Fig. 1 c is actually used for parity checking and it is easy to observe that for Bell states having even parity (i.e., for |ψ ± = |00 ±|11 √ 2 ), the measurement on the ancilla qubit would yield |0 and for the other two Bell states (i.e., for odd parity states
) it would yield |1 . In a similar fashion, the quantum circuit shown in Fig. 1 b would determine the relative phase of the Bell state as the measurement on ancilla in Fig. 1 detail).
We have already mentioned that the limitations of the available quantum resources restricted Samal et al., [24] to realize the circuits shown in Fig. 1 b and c instead of the whole circuit shown in Fig. 1 a in their liquid NMR-based work. The same situation prevailed in the subsequent work of the same group [25] . In contrast, the IBM quantum computer is a 5-qubit one, which is SQUID based, and does not face scalability issues encountered by NMR-based proposals. However, in the particular case of 5-qubit IBM quantum computer, coupling is not present between all the qubits. Absence of couplings provides restriction on the applicability of CNOT gates. In brief, it does not allow us to perform controlled operation between any two qubits, and consequently restricts us to perform the nondestructive Bell state discrimination circuit either using two independent experiments as was done in [24] (cf. Fig. 1 of [24] ) or using a circuit having considerably high gate-count (implementation of such a circuit will be described in the next section). Interestingly, IBM quantum experience does not even allow us to implement the circuits shown in Fig. 1 b in its actual form. We need to make some modifications to obtain equivalent circuits. In Fig. 2 a and b, we have shown the actual circuits prepared in IBM quantum computer for parity checking and phase information checking. In both the circuits left-most box contains an EPR circuit used for preparation of the Bell state |ψ − (similarly other states were prepared and measured). The second box from the left in Fig. 2 a and b provide equivalent circuits for the circuits given in Fig. 2 c and b, respectively, and one can easily observe that the circuit for obtaining the phase information required decomposition for successful implementation in IBM quantum computer. In third box, a reverse EPR circuit is inserted to establish that the measurement on ancilla does not destroy the Bell state. To obtain further information about the output states of a given circuit, quantum state tomography is done. In Fig. 3 , we have shown a circuit that can be used to perform quantum state tomography and thus to yield each element of the density matrix of the output state before measurement is performed. Specifically, in Fig. 3 , third block from the left, two hadamard gates are applied. This is operated to perform state tomography. To be precise, application of a hadamard gate transforms the measurement basis from computational basis {|0 , |1 } to diagonal basis {|+ , |− } and thus yields X X element of the single qubit density matrix. Here it would be apt to briefly describe the method adopted here for performing state tomography and measuring fidelity with an example. Theoretically obtained density matrix of |ψ + |0 is,
where superscript T indicates a theoretical (ideal) density matrix. To check how nicely this state is prepared in experiment, we need to reconstruct the density matrix of the output state using quantum state tomography by following the method adopted in Refs. [14, [26] [27] [28] [29] [30] [31] . Characterization of a 3-qubit experimental density matrix requires extraction of information from the experiments and then using that information to reconstruct experimental density matrix. In the Pauli basis an experimental density matrix can be written as
and σ ijk = I, X, Y, Z, and superscript E is used to indicate experimental density matrix. Reconstruction of this 8 × 8 density matrix of 3-qubit state requires knowledge of 63 unknown real parameters. The evaluation of coefficient c ijk requires σ i where σ i = I, X, Y, Z for each qubit. Since I can be obtain by the experiment done on Z basis, instead of four we need only three measurement (measurement in X, Y , and Z basis) on each qubit, thus requiring total 27 measurements to tomograph each density matrix. Since in IBM, the only available basis for performing the measurements is Z basis. To realize a measurement in X and Y basis we need to apply H and S † H gate respectively prior to the Z basis measurement and run each experiment 8192 times. Subsequently, to reconstruct the 3-qubit state |ψ + |0 and to check how well the state is prepared, we have to perform 27 experiments, each of which would run 8192 times. At a later stage of the investigation, following the same strategy, we would obtain the density matrices of the retained state after measuring the ancilla qubits to discriminate the Bell states Once ρ E is obtained through quantum state tomography, the same may be used to obtain fidelity and thus a quantitative feeling about the accuracy of the experimental implementation can be obtained. Here it would be apt to mention that the fidelity is obtained using the formula T r √ ρ 1 .ρ 2 . √ ρ 1 [32] where, ρ 1 is the density matrix of the desired state and ρ 2 is that of the state actually prepared in the experiment. For example, when the desired state was |ψ + 0 then ρ 1 = |ψ + 0 ψ + 0|, and ρ 2 would be obtained experimentally by performing state tomography in a manner described above.
III. RESULTS
To begin with we prepare 4 Bell states (using EPR circuit, i.e., a hadamard followed by CNOT) and an ancilla in state |0 . It is well known that an EPR circuit transforms input states |00 , |01 , |10 , |11 into
, respectively. Default initial state in IBM quantum experience is |0 for each qubit line. However, the input states required by an EPR circuit to generate different Bell states can be prepared by placing NOT gate(s) in appropriate positions before the EPR circuit (see how |ψ − is prepared in left most block of Fig. 2 ). This is how Bell states are prepared here. To check the accuracy of the states prepared in the experiments, quantum state tomography of the experimen-
The counter part of (a) parity and (b) phase checking circuits which are experimentally implementable in fivequbit IBM quantum computer followed by tomography block. Tomography block involves measurement in different basis, shown configuration implements measurement in X-basis.
tally obtained density matrices are performed. For this purpose, we have followed the method described in the previous section. Density matrix for the experimentally obtained state corresponding to a particular case (for the expected state |ψ + 0 , i.e., for
where a subscript is added to uniquely connect the experimental density matrix with the corresponding ideal state and Fig. 5 a-d)
Outcome of 3-qubit measurement of relative phase checking circuit when the output Bell state is measured after passing through a reverse EPR circuit (cf. Fig. 5 e-h) Re ρ 
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Real part of this density matrix is illustrated in Fig. 4  a. Figure 4 also illustrates the real part of density matrices of the experimentally prepared Bell-state-ancilla composite in the other three cases. Corresponding density matrices are provided in Appendix 1 (see Eq. (A1)-(A6)). Figure 4 clearly shows that the Bell states are prepared with reasonable amount of accuracy, but does not provide any quantitative measure of accuracy. So we have calculated the 'average absolute deviation' ∆x and 'maximum absolute deviation' ∆x max of the experimental density matrix from the theoretical one by using this formulae
where, x T ij and x E ij are the theoretical and experimental elements. Putting the values in this equation from eq3 and eq4 we find the 'average absolute deviation' and the 'maximum absolute deviation' of the Bell state |ψ + |0 which is 1.8% and 13.7%. Similarly, we have also calculated 'average absolute deviation' and 'maximum absolute deviation' for other Bell states too, these values are |ψ − |0 is 1.8% and 12.5%, |φ + is 1.8% and 11.9% and |φ − is 2% and 11.8%, respectively. It may be noted that in NMR-based experiment [24] , the values for 'average absolute deviation' and 'maximum absolute deviation' is reported as ∼ 1% and ∼ 4% respectively. This probably indicates, that Bell states were prepared in NMR-based experiment, with higher accuracy, but the measure used there was not universal. So we also compute fidelity of the reconstructed state with respect to the desired state and obtained following values of fidelity for various Bell-state-ancilla composite system: F |ψ + 0 = 0.8890, F |ψ − 0 = 0.8994, F |φ + 0 = 0.9091, and F |φ − 0 = 0.9060, where F |i denotes the fidelity at which the desired quantum state |i is prepared in the IBM quantum computer. The computed values of F |i clearly show that the Bell-state-ancilla composite system has been prepared with considerable accuracy in the present experiment.
After verifying that the Bell-state-ancilla composite system are prepared successfully, we perform measurements on the ancilla to perform nondestructive discrimination of the Bell state. After, the measurement of ancilla, the Bell state is expected to remain unchanged, to test that a reverse EPR circuit is applied to the system qubits, and subsequently the system qubits are measured in computational basis. The reverse EPR circuit actually transforms a Bell measurement into a measurement in the computational basis. Outcomes of these measurements are shown in Fig. 5 , within the experimental error, these results are consistent with the expected theoretical results shown in Column 4 and 5 of Table I quantum computer. Figure 5 definitely indicates a successful implementation of nondestructive discrimination of Bell states. However, it does not reveal the whole picture. To obtain the full picture, we perform quantum state tomography after implementation of parity checking circuit and phase information checking circuits. In the following, we provide experimental density matrices ρ E |ψ + 0 for both cases (phase and parity) corresponding to the ideal state |ψ + 0 , obtained through quantum sate tomography.
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The subscripts "parity" and "phase" denotes the experiment for which the experimental density matrix is obtained via quantum state tomography. Corresponding density matrices for the other Bell-state-Ancilla composites are reported in Appendix 1 (Eq. (A7)-(A18)). Real part of the density matrices obtained through the parity checking and phase information checking circuits are shown in Fig. 6 . The results illustrated through these plots clearly show that the Bell state discrimination has been realized appropriately. Further, the obtained density matrices allows us to quantitatively establish this fact through the computation of fidelity, and analogy of Fig. 6 with Fig. 6 of Ref. [24] allows us to compare the NMR-based results with the SQUIDbased results. However, the nonavailability of the exact density matrices for the NMR-based results, restricts us from a quantitative comparison. The obtained fidelities for the realization of phase and parity information checking circuits are given below. The corresponding cases can be identified by superscript phase and parity. .7576, here the ideal state is given in subscript and superscript "phase" and "parity" corresponds to phase discrimination and parity discrimination realized by phase checking circuit in Fig. 3 a and parity checking circuit in Fig. 3 b. Obtained fidelities are reasonably good, but to make a SQUID-based scalabale quantum computer, we have to considerably improve the quality of the quantum gates. Specifically, we can see that the fildelities of the constructed Bell states were much higher than the fidelities obtained after phase information or parity information of the given Bell state is obtained through the distributed measurement.
Clearly, increase in circuit complexity has resulted in the reduction of fidelity. To illustrate this point, we would now report implementation of circuit shown in Fig. 1 a, i.e., implementation of a 4-qubit circuit for non-destructive discrimination of Bell state, where phase information and parity information will be revealed in a single experiment. A 4-qubit quantum circuit corresponding to the circuit shown in Fig. 1 a with initial Bell state |ψ + is implemented using IBM quantum computer and the same is shown in Fig. 7 a, where we have used a circuit theorem shown in Fig. 7 b. Although, the circuit and the corresponding results shown here are for |ψ + , but we have performed experiments for all possible Bell states and have obtained similar results (which are not illustrated here). Due to the restrictions provided by the IBM computer computer, the left (right) CNOT gate shown in LHS of Fig. 7 b is implemented using the gates shown in the left (right) rectangular box shown in RHS of Fig. 7 b. In fact, the right most rectangular box actually swaps qubits 2 and 3, apply a CNOT with control at first qubit and target at the second qubit and again swaps qubit 2 and 3. The use of the circuit identity Fig. 7 b, allows us to implement the circuit shown in Fig. 1 a, but it causes 10 fold increase in gate count (from 2 CNOT gates to a total of 20 gates) for the parity checking circuit. As a consequence of the increase in gate count, the success probability of the experiment reduces considerably, and that can be seen easily by comparing the outcome of the real experiment illustrated in Fig. 7 c with the outcome of simulation (expected state in the ideal noise-less situation) shown in Fig. 7 d. This comparison in general and the outcome observed in Fig. 7 c, clearly illustrate that until now the technology used in IBM quantum computer is not good enough for the realization of complex quantum circuits.
IV. CONCLUSION
We have already noted that nondestructive discrimination of Bell states have wide applicability. Ranging from quantum error correction to measurement-based quantum computation, quantum communication in a network involving multiple parties to optimization of the quantum communication complexity for performing measurements in distributed quantum computing. Keeping that in mind, here, we report an experimental realization of a scheme for nondestructive Bell state discrimination. Due to the limitations of the available quantum resources (IBM quantum computer being a 5-qubit quantum computer with some restriction) this study is restricted to the discrimination of Bell states only, but our earlier theoretical proposal is valid in general for discrimination of generalized orthonormal qudit Bell states. We hope that the Reconstructed density matrices of various states of ancilla Bell-state combined system obtained after implementing circuit in Fig. 3 . The first column (a-d) contains density matrices corresponding to ideal states |ψ + 0 , |ψ − 1 , |φ + 0 , and |φ − 1 respectively. The density matrices in the second column corresponds to ideal states (e-h) |ψ + 0 , |ψ − 0 , |φ + 1 , and |φ − 1 respectively. present experiment will soon be extended to the experimental discrimination of more complex entangled states. Further, as the work provides a clean prescription for using IBM quantum experience to experimentally realize quantum circuits that may form building blocks of a real quantum computer, a similar approach may be used to realize a set of other important circuits. Finally, the comparison with the NMR-based technology, reveals that this SQUID-based quantum computer's performance is comparable to that of the NMR-based quantum computer as far as the discrimination of Bell states is concerned. As the detail of the density matrix obtained (through quantum state tomography) in earlier works [24, 25] was not available, fidelity of NMR based realization earlier and the SQUID-based realization reported here could not be compared. However, the fidelity computed for the states prepared and retained after the nondestructive discrimination operation is reasonably high and that indicate the accuracy of the IBM quantum computer. Further, it is observed that all the density matrices produced here through the state tomography are mixed state (i.e., for all of them T r(ρ 2 )<1). This puts little light on the nature of noise present in the channel and/or the errors introduced by the gates used. However, it can exclude certain possibilities. For example, it excludes the possibility that the combined effect of noise/error present in the circuit can be viewed as bit flip and/or phase flip error as such errors would have kept the state as pure. More on characterization of noise present in IBM quantum experience will be discussed elsewhere. 
